Purpose. The objective of the present study was to investigate whether Streptococcus sanguinis SpxA2 plays a role in competence development and endogenous H 2 O 2 generation, and whether the SpxA2 Cys 10 -XX-Cys 13 (CXXC) motif is involved in competence development.
INTRODUCTION
Streptococcus sanguinis (S. sanguinis) is a pioneer colonizer of teeth and is an abundant component of dental plaque [1, 2] . S. sanguinis is thought to be a benign microbe in the oral environment through interfering with S. mutans and other pathogens in colonization of the teeth [3] . However, when introduced into the bloodstream, S. sanguinis proved to be harmful as the most common cause of native-valve infective endocarditis (IE) [4] . Regardless of its colonization of the teeth or the cardiac valve, biofilm formation is the primary growth modality for S. sanguinis. Biofilm formation could contribute to microorganisms withstanding environmental stress, such as drugs, oxidative stress, pH and the host innate immune system [5] [6] [7] . Interestingly, more evidence from in vivo and in vitro studies has supported the contention that stress tolerance and biofilm formation are both dependent on the competence regulon in Gram-positive streptococci [8] [9] [10] . As a stress response, competence development could increase bacterial adaptability in hostile conditions and be conducive to biofilm-specific antibiotic tolerance and resistance [11] [12] [13] . For example, competence is induced in response to nutrient limitation in Bacillus subtilis (B. subtilis) [14] . Further, in the presence of antibiotics, competence development could shape S. pneumoniae genomes by acquiring new resistance genes from the surroundings [15] [16] [17] . Taken together, competence development could benefit bacterial growth and pathogenisis in a wide variety of ways, and understanding the regulatory mechanisms of this process is important.
SpxA, as a group of global regulators, interacts directly with the a-subunit of RNA polymerase (RNAP) to regulate transcriptional initiation [18] [19] [20] . Furthermore, the conserved amino terminal motif Cys 10 -XX-Cys 13 (CXXC) is important for SpxA activity. For instance, the thiol/disulphide switch of the Spx CXXC motif could affect trxA (encoding the thioredoxin) and trxB (encoding the thioredoxin reductase) transcription to maintain thiol homeostasis in B. subtilis [21] . Meanwhile, another study of B. subtilis found that SpxA negatively regulated competence development via transcriptional repression of the srf operon [22] . To investigate whether SpxA could affect S. pneumoniae competence development, Turlan et al. [23] found that deletion of S. pneumoniae spxA changed competence (com) gene expression levels. A recent study showed that there were two potential SpxA factors (SpxA1 and SpxA2) in S. sanguinis. The concomitant existence of several Spx factors in a cell offers alternative environmental links and multiple levels of regulation, which could be involved in various physiological functions of S. sanguinis [24] .
In addition, it has been reported that SpxA is related to the survival of oxidative stresses by activating well-established oxidative stress genes, such as nox and pox in streptococci [24, 25] . Furthermore, it has been found that pox is involved in spontaneous transformation and com gene expression of S. pneumoniae [26] . It is commonly known that in oral streptococci the pox gene (encoding the pyruvate oxidase) is responsible for endogenous hydrogen peroxide (H 2 O 2 ) generation under aerobic conditions [27] . Furthermore, some antibiotics induce endogenous H 2 O 2 formation in a number of bacterial species [28] [29] [30] . Significantly, other recent findings confirmed that some antibiotics can not only induce competence development in S. pneumoniae, but also in the distantly related Gram-negative species Legionella pneumophila [17, 31] . This coincidence prompted us to decipher the link between endogenous H 2 O 2 and bacterial competence development.
METHODS Bacterial strains, media and chemicals
The bacterial strains and plasmids used in the present study are shown in Table 1 . Pre-cultures of the wild-type S. sanguinis strain SK36 and its derivatives were routinely grown in brain heart infusion (BHI) broth (Difco; BD Diagnostic Systems, Beijing, China) for 12 h at 37 C under microaerophilic conditions (7 % H 2 , 7 % CO 2 , 80 % N 2 and 6 % O 2 ). A 1 : 50 dilution of the preculture was incubated in a 500 ml conical flask containing 60 % fresh BHI broth and 40 % air volume at 37 C with aeration. Then the flasks were placed on a rocking table at 70 r.p.m. Using a Prussian blue (PB; Sangon Biotech, Shanghai, China) agar plate, colonies of H 2 O 2 -producing species were easily identified by the appearance of blue halos on the PB agar [32] . Antibiotics were added to select positive colonies at the following concentrations: kanamycin at 300 g ml À1 , spectinomycin at 500 g ml À1 and erythromycin at 2 µg ml À1 for S. sanguinis (all antibiotics were from Sangon Biotech). Based on experimental requirements, H 2 O 2 (1 mM) from a commercial 30 % H 2 O 2 solution (Sangon Biotech) was added directly to the growth medium.
DNA manipulation
Standard recombinant DNA techniques were used as described previously [33] . The primers used in the present study are shown in Table 2 . The primers were synthesized by Sangon Biotech. Chromosomal DNA of SK36 and its derivatives was isolated using a TIANamp Bacteria DNA kit (TIAN-GEN, Beijing, China). All plasmids were isolated from Escherichia coli (E. coli) using a TIANGEN miniprep kit (TIANGEN). Restriction endonucleases and DNA-modifying enzymes were obtained from Takara (Dalian, China).
Mutant construction and complementation
The DspxA2 and DspxA2Dpox mutants were constructed via the double cross-over homologous recombination technique, as described previously [33] . Two fragments from the upstream and downstream of spxA2 were amplified by PCR using PrimeSTAR Max DNA polymerase (Takara) with the primer pairs spxA2 up F/R and spxA2 down F/R, respectively (Table 2 ). Subsequently, an erythromycin-resistance cassette was amplified from the SK36 DccpA mutant with the primer pair Erm F/R [34] . Each primer was listed as up R and down F and incorporated 25 bases complementary to the antibiotic resistance cassette. All three PCR products were purified with the TIANGEN PCR purification kit (TIANGEN) and mixed in the same ratio as a template. The appropriate spxA2 up F and spxA2 down R primers were used in the second-round PCR. SK36 and the Dpox mutant were transformed with the purified PCR products (approximately 2 kb) to generate the DspxA2 and DspxA2Dpox mutants separately. The DspxA1 mutant was constructed in the same way as the DspxA2 mutant, except that the primers spxA1 up F/R and spxA1 down F/R were used in place of spxA2 up F/R and spxA2 down F/R, respectively. Mutants were selected using BHI agar plates containing the appropriate antibiotics, and this was confirmed by PCR.
For complementation of the DspxA2 mutant, a functional spxA2 gene was amplified by PCR with the primer pair spxA2 compl F/R ( Table 2 ). The products were digested with SphI and SalI and ligated into the plasmid pDL278 that was digested with the same enzymes in order to construct the complementation plasmid pDL278-spxA2. The DspxA2 mutant was transformed with pDL278-spxA2 to construct the DspxA2 complementation strain (DspxA2-compl). The products were selected using BHI agar plates containing 500 µg ml À1 spectinomycin, and this was confirmed by PCR.
Site-directed mutagenesis
The mutant spx allele was generated by overlap-PCR-based site-directed mutagenesis, and each cysteine codon was substituted by alanine [referred to as spxA2 (C10A) and spxA2 (C13A)]. To construct the spxA2 (C10A), two fragments were amplified using SK36 genomic DNA as the template with the primer pairs spxA2 compl F/spxA2 C10A -up R, and spxA2 C10A -down F/spxA2 compl R, respectively, in first-round PCR. Two PCR products were mixed as a template and subsequently amplified by second-round PCR using the primer pair spxA2 compl F/R. Then the secondround PCR products were digested with SphI and SalI and inserted into the plasmid pDL278 digested with the same enzymes to generate recombinant plasmid pDL278-spxA2 (C10A). The spxA2 (C13A) was constructed in the same way as the spxA2 (C10A), except that primers spxA2 C13A -up R and spxA2 C13A -down F were used in place of spxA2 C10A -up R and spxA2 C10A -down F, respectively. The spx sequences in pDL278-spxA2 (C10A) and pDL278-spxA2 (C13A) were verified by DNA sequencing. The recombinant plasmids pDL278-spxA2 (C10A) and pDL278-spxA2 (C13A) were transformed into the DspxA2 mutant to construct spxA2 (C10A) and spxA2 (C13A), respectively.
Transformation efficiency assay
The following strains were tested by transformation efficiency assay: SK36, Dpox mutant, Dpox-compl, DspxA2Dpox mutant,
, DspxA1 mutant and DspxA1Dpox mutant. Pre-cultures of these strains were diluted 100 times in fresh Todd Hewitt (TH) broth (Difco; BD Diagnostic Systems) and the cultures were incubated at 37 C. When the cultures reached an absorbance at 600 nm (A 600 ) of 0.1, 1 µg chromosomal DNA was added. The chromosomal DNA was isolated from SK36 derivatives carrying an appropriate antibiotic-resistance cassette, and the cassette did not disrupt any gene. The cultures were then incubated for 3 h, followed by a brief sonication to break up cell chains; they were then 10Â serial diluted in sterile filtered 1ÂPBS. Subsequently, 10 µl of each sample was planted on BHI agar plates containing appropriate antibiotics, and also on non-selective BHI agar plates. Transformation efficiency was determined as the number of antibiotic-resistance c.f.u. relative to the number of c.f.u. on nonselective BHI agar plates.
RNA isolation, cDNA synthesis and real-time PCR Overnight cultures were diluted 1 : 50 into fresh BHI broth as described above. Growth was monitored spectrophotometrically at 600 nm, and the cells were collected at the mid-exponential phase (A 600 =0.5) by centrifugation at 8000 r.p.m. for 10 min at 4 C. To isolate RNA, the Ultrapure RNA kit (CWBIO, Beijing, China) was used, and the isolated RNA was subjected to DNase I (Promega, Beijing, China) treatment to remove any contaminating DNA. After the treatment, the RNA was purified with the TIANGEN RNAclean kit (TIANGEN) according to the manufacturer's protocol. The purified RNA was quantified and analysed for integrity using a NanoDrop spectrophotometer (Thermo Scientific, Shanghai, China) and gel electrophoresis. cDNA synthesis was performed with the PrimeScript reverse transcriptase (Takara) from 1 µg of RNA according to the manufacturer's instructions. Real-time PCR was performed with GoTaq qPCR master mix (Promega) using the Applied Biosystems 7500 Real-Time PCR system (Thermo Scientific). The primer sequences are listed in Table 2 . Table 2 . Primers used in this study
For the selection of com genes, SK36 expressed the com genes required for competence development (comCDE) and uptake of DNA (comEA and comYA) [35] . ComD and ComE are encoded along with ComC in the comCDE operon [36, 37] . As the final early response gene, comX has a key role in the relationship between the early and late competence steps [38, 39] . Therefore, three early response genes, comD, comE and comX, were examined, along with the late genes comEA and comYA. However, the DspxA1 mutant was not our research emphasis, and comX and comYA could generally represent its early and late competence.
Finally, the altered gene expression was calculated using the comparative threshold cycle (CT) method as follows:
The fold changes were calculated as 2 ÀDDCT . The 16S rRNA gene was used as the housekeeping reference gene.
Statistical analysis
All data are presented as the means ± standard deviation (SD) and were analysed using an unpaired two-tailed t-test or oneway ANOVA to compare the mean response between the SK36 group and the control groups. Statistical analysis were performed using GraphPad Prism 5. P<0.05 was considered statistically significant. Asterisks indicate a statistically significant difference between SK36 and the control groups.
RESULTS
Competence suppression in the DspxA2 mutant The highly conserved protein in Gram-positive bacteria, SpxA, was found to play a significant role in B. subtilis and S. pneumoniae competence development [22, 23] . To understand whether SpxA could affect the development of S. sanguinis competence, spontaneous transformation and com gene expression were measured in SK36 derivatives. For the wild-type and the DspxA2 mutant, the transformation efficiencies were 4.42±0.58Â10 À4 and 0.07±0.03Â10
À4
, respectively (Fig. 1a and Table S1 , available in the online Supplementary Material). The DspxA2-compl behaved like the wild-type, and its transformation efficiency was 4.50 ±0.75Â10
. Subsequently, the expression levels of the com genes (comD, comE, comX, comEA and comYA) in the DspxA2 mutant were ascertained. As can be seen in Fig. 1b , the DspxA2 mutant showed a 2-to 15-fold reduction in the expression of com genes compared with the wild-type. The data presented in this study confirm that SpxA2 is associated with S. sanguinis competence development. comYA expression increased approximately 2-fold in the DspxA1 mutant (Fig. 1c) .
Enhanced competence in the Dpox mutant In S. sanguinis, pox is involved in H 2 O 2 generation under aerobic conditions, thus the spontaneous transformation of wild-type, Dpox mutant and Dpox-compl was determined to evaluate the effect of endogenous H 2 O 2 on S. sanguinis competence development. Although it was grown aerobically, the Dpox mutant produced scarcely any H 2 O 2 . The Dpox mutant yielded noticeably more transformants compared with the wild-type, and its transformation efficiency was 11.55±1.78Â10 À4 (Fig. 2a , Table S1 ). By contrast, Dpoxcompl had a transformation efficiency of 1.98±0.23Â10 To test whether the enhanced transformation efficiency of the Dpox mutant was caused by elevated com gene expression, the relative quantity of com gene transcripts was measured (Fig. 2b) . The Dpox mutant showed a 2-to 8-fold increase in the expression levels of com genes compared with the wild-type. In order to investigate whether poxmediated H 2 O 2 production rather than other products of Pox (i.e. acetyl phosphate) played a role, com gene expression was measured in the Dpox mutant with a physiological concentration of H 2 O 2 supplementation. Crucially, the expression of com genes was noticeably reduced in the 1 mM H 2 O 2 -treated Dpox mutant. Thus, at the current time, pox-mediated H 2 O 2 production was shown to repress S. sanguinis competence.
Restoring competence in the DspxA2Dpox mutant To analyse the possible synergistic role played by SpxA and Pox in competence development, the DspxA2Dpox and DspxA1Dpox mutants were constructed. It was interesting to note that the DspxA2Dpox mutant overcame the effect of the DspxA2 mutant on bacterial competence. The transformation efficiency of the DspxA2Dpox mutant was 9.49±0.74Â10 À4 (Fig. 2a, Table S1 ). Similarly, the DspxA2Dpox mutant showed an approximately 2.5-fold increase in the expression levels of com genes (Fig. 2c) . These results demonstrated that the spxA2/pox double-knockout mutant restored com gene expression, and also overcame the defect in competence development conferred by the DspxA2 mutant. Meanwhile, it was confirmed that pox-mediated H 2 O 2 production played a prior regulatory role in S. sanguinis competence development. However, there were no significant differences in competence-associated parameters between the DspxA1 and DspxA1Dpox mutants (Fig. 2a, d ). H 2 O 2 production is associated with SpxA2 and SpxA1 The S. sanguinis transcriptional regulator SpxA1 is involved in stress survival through activating the expression of pox [24] . To investigate whether SpxA2 is involved in the pox expression and H 2 O 2 generation of S. sanguinis, the generation of H 2 O 2 was detected using the PB agar plate, and the amount of H 2 O 2 was indicated by the formation of a blue precipitate [32] . At the phenotypic level, the production of H 2 O 2 was slightly greater in the DspxA2 mutant than in the wild-type (Fig. 3a) . To ensure the veracity of the results, the expression of pox was quantified in the wild-type and the DspxA2 mutant. As shown in Fig. 3b , the pox expression level was significantly increased about 2-fold in the DspxA2 mutant compared with the wild-type. By contrast, the amount of H 2 O 2 and pox expression in the DspxA1 mutant decreased significantly compared to the wild-type (Fig. 3b) . These data supported the view that both SpxA proteins correlated with pox expression and H 2 O 2 generation in S. sanguinis.
H 2 O 2 does not affect spxA2 expression in S. sanguinis SpxA can globally regulate transcription initiation under disulphide stress in many species [40] [41] [42] . To exclude the influence of endogenous H 2 O 2 on an SpxA expressionlooped system, it was further determined whether endogenous H 2 O 2 can affect SpxA expression. At the transcription level, Fig. 4 shows that the expression of spxA2 in the Dpox mutant was not significantly different from the wild-type as measured by real-time RT-PCR. The data revealed that spxA2 expression was not associated with endogenous H 2 O 2 in S. sanguinis. However, it was confirmed that the expression of spxA1 was significantly reduced in the Dpox mutant compared with the wild-type (approximately 2-fold). As a result, the role of SpxA2 in S. sanguinis competence development was probed in this study.
SpxA2 CXXC motif involved in competence development
To elucidate the SpxA2 CXXC motif involved in S. sanguinis competence development, spxA2 (C10A) and spxA2 (C13A) were tested for transformation efficiency and com gene expression. The mutant spx alleles lost their disulfide bond formation capability within the CXXC motif [21] . As shown in Fig. 5 , spxA2 (C10A) and spxA2 (C13A) behaved like the DspxA2 mutant in terms of phenotype and com gene expression levels. Compared with the wild-type, there was also a marked reduction in the transformation efficiency of spxA2 (C10A) and spxA2 (C13A). The transformation efficiency of spxA2 (C10A) and spxA2 (C13A) was 0.03±0.01Â10
À4 and 0.06±0.01Â10
À4
, respectively (Table S1 ). In terms of com gene expression, spxA2 (C10A) and spxA2 (C13A) also showed their defects. These results suggested that the SpxA2 CXXC motif is indeed involved in bacterial competence.
DISCUSSION
The regulation of competence development is a complex process that integrates both exogenous and endogenous signals [43] . For instance, when nutrient limitation or high cell density occurs, a fraction of cells will differentiate into a state of competence to strengthen the survival capacity of the bacterial colony in B. subtilis [14] . Although SpxA1 and Pox were both involved in S. pneumoniae competence development, it was not known whether there was SpxA involvement in S. sanguinis competence [23, 26] .
Chen et al. [24] found that there were two genes encoding proteins with high similarity to Spx-like global transcriptional regulators: SpxA1 and SpxA2 in S. sanguinis. Therefore, this study investigated the role of SpxA1 and SpxA2 in S. sanguinis competence development. Although SpxA1 and SpxA2 show 43 % amino acid identity and both have the conserved amino terminal motif CXXC, they perform opposite functions in S. sanguinis competence development. The present data confirmed that SpxA2 enhanced competence development of S. sanguinis (Fig. 1, Table S1 ). By contrast, SpxA1 repressed spontaneous transformation and com gene expression in S. sanguinis. We then investigated what contributed to this difference.
In this study, pox-mediated H 2 O 2 production was identified as having the pivotal role in controlling S. sanguinis competence development. Compared with the wild-type, the com gene expression levels and transformation efficiency were increased in the Dpox mutant. Importantly, the Dpox mutant showed a noticeable reduction in com gene expression after treatment with 1 mM H 2 O 2 . It was revealed that pox-mediated production of H 2 O 2 is involved in competence development in S. sanguinis. However, B€ attig et al. [26] found that the supplementation of the Dpox mutant with H 2 O 2 had no effect on S. pneumoniae competence development. This contradictory conclusion may be due to fact that the H 2 O 2 concentration that was used was much lower than the physiological concentration of H 2 O 2 (approximately 1-2 mM) in S. pneumoniae [44, 45] .
Consequently, this study focused on the connection between SpxA and pox-mediated H 2 O 2 production. The findings confirmed that H 2 O 2 generation and pox expression were significantly elevated in the DspxA2 mutant, but seriously decreased in the DspxA1 mutant compared with the wildtype (Fig. 3) . Given the above results, the varied influence of spxA1 and spxA2 on H 2 O 2 production possibly accounted for the DspxA1 and DspxA2 mutants' discrepant behaviour in S. sanguinis competence development. Pox-mediated H 2 O 2 production might be the former regulon in mediating S. sanguinis competence development. It would also concur with the observation that com gene expression was derepressed in the DspxA2Dpox mutant. In addition, spxA1 and pox were found to show expression synchrony; however, spxA2 expression occurred later than pox expression in the S. sanguinis growth phase (Fig. S1 ). Given the fact that the Spx CXXC is sensitive to oxidizing agents, it was inferred that SpxA1 and SpxA2 might respond to O 2 and H 2 O 2 , respectively. Previous studies found that pox was activated by SpxA1 under aerobic conditions [24, 25] . Then, H 2 O 2 production accumulated to a certain concentration and SpxA2 was activated to resist oxidative stress. Our speculation could be confirmed by the other study in which the cell survival rate of the DspxA2 mutant decreased dramatically during H 2 O 2 treatment. Furthermore, the oxidative stress defence and repair systems may be impaired in the DspxA2 mutant [24] , which might be why endogenous H 2 O 2 can be maintained at physiological concentrations and pox-mediated H 2 O 2 production is a prior regulatory role in mediating competence development. However, there is not enough evidence to confirm the effect of pox-mediated H 2 O 2 production on SpxA2 CXXC.
Taken together, this study demonstrated that SpxA2 plays a critical role in competence development and H 2 O 2 formation in S. sanguinis. However, the question of whether H 2 O 2 mediated this process by oxidizing SpxA2 CXXC should be explored further.
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